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Abstract ---- Seismic soil-structure interaction (SSI) analysis of nuclear facilities is an important 9 
consideration during design and retrofit. SSI tools used in the nuclear industry are currently 10 
based on an equivalent linear approach.  Procedures for developing input ground motion for 11 
equivalent linear approaches are well established. However, the procedures for establishing 12 
input ground motion for Nonlinear Soil-Structure Interaction (NLSSI) analysis of nuclear 13 
facilities is not well established. A collaborative research group at Idaho National Laboratory 14 
(INL) has recently developed analytical methods and numerical tools for using NLSSI analysis 15 
for nuclear facility seismic calculations. NLSSI analysis for a nuclear facility allows for 16 
calculation of seismic wave motion through a near field soil domain using either, (1) vertically 17 
propagating shear and compressive waves, which is the current industry practice, or  (2) a three-18 
dimensional non-vertical wave field. This paper presents an iterative procedure for establishing 19 
outcrop motion at a depth in the soil column for NLSSI analysis that uses vertically propagating 20 
shear waves.  21 

The approach presented in this paper starts with a known ground motion at the surface that 22 
is deconvolved to a depth, and then the obtained motion is convolved up to a different desired 23 
location of input for the NLSSI model. To demonstrate the validity of the approach a finite 24 
element soil column, that is representative of a nuclear facility site in the US,  is used to produce 25 
compatible outcrop seismic time series for reduced nonlinear soil mesh depths. The developed 26 
approach for reducing the nonlinear soil column model depth is a two-step iterative method;  1) 27 
the first step is establishing an outcrop time series at the lowest depth considered that produces 28 
the top-of-soil response spectrum of an actual recorded ground motion, and  2) the second step is 29 
providing compatible outcrop time series at a shallower depth based on the information from the 30 
first step.   31 

The comparison of the 5% damped response spectrum from the resulting acceleration time 32 
series based on the iterated outcrop motions and the original acceleration time series are 33 
conducted. The study showed that the proposed iterative approach produced comparable results 34 
within 1% range of the original recorded time series results when sufficient iterations were 35 
performed. 36 
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 51 

I. INTRODUCTION 52 

Nuclear facilities and other safety-critical structures need to be designed to 53 

withstand the displacements and forces resulting from earthquakes. Earthquake resistant 54 

design of nuclear facilities and other safety-critical facilities requires professionals from 55 

multi-disciplinary fields working together; such as seismologists, geotechnical 56 

earthquake engineers, and structural engineers. There has been significant research 57 

conducted related to seismic analysis, design, and assessment of nuclear facilities in the 58 

last six decades since nuclear energy illuminated the first light bulbs at EBR-I in Idaho, 59 

USA. The research since then, paved the road of knowledge on how to analyze and 60 

design nuclear power plants (NPPs) and nuclear facilities to resist the damaging effects of 61 

earthquakes.  62 

Nuclear regulatory commission (NRC) is the government agency in the US 63 

responsible for protecting public health and safety related to nuclear energy. Title 10, 64 

code of federal regulations (10 CFR) covers the requirements binding on all persons and 65 

organizations who receive a license from NRC to use nuclear materials or operate nuclear 66 

facilities. 10 CFR Part 50 is the document related to the domestic licensing of production 67 

and utilization facilities. 10 CFR Part 50 Appendix A is the general design criteria for 68 

NPPs. 10 CFR Part 50 Appendix A states that the structures, systems, and components 69 

(SSC) need to be designed against the natural phenomena including earthquakes. 10 CFR 70 

Part 50 Appendix S includes the earthquake engineering criteria for NPPs. 10 CFR Part 71 

100 covers the siting factors and criteria for proposed sites for stationary power and 72 

testing reactors subject to part 50. 10 CFR Part 100 Appendix A states that the seismic 73 

design consideration including the effects of soil-structure interaction. 74 
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Seismic design of a nuclear facility starts with defining the seismic hazard at a 75 

location in the site specific soil domain, typically at the location of competent rock. The 76 

site specific seismic hazard curves are calculated at multiple frequencies. Then, a uniform 77 

hazard response spectrum (UHRS), given an earthquake ground motion return period, is 78 

developed at the competent rock location. Finally rock outcrop motions are developed by 79 

fitting the UHRS. Guidelines for developing seismic hazards for nuclear facilities are 80 

provided in NUREG-Series.1 81 

Next, site response analyses are conducted to calculate the transfer of the rock 82 

outcrop motion to a location where it will be input into the NLSSI model. The depth of a 83 

nonlinear soil domain is dependent on the vertical soil stiffness when the model is in 84 

static or dynamic equilibrium.  The number of degrees of freedom and elements in the 85 

nonlinear soil column is directly related to the depth of the soil column. It is important to 86 

limit the size of the meshed soil domain to reduce model run times. Hence, the soil 87 

properties from the bedrock to the free surface have influence on the characteristics of the 88 

motions experienced at the free surface. The influences may be amplifications or 89 

degradations of the ground motions at the free surface depending on the frequency 90 

content of the ground motion and site soil under consideration.  91 

A case study is provided in this paper to demonstrate an approach for defining 92 

acceleration time series at a location other than the input location (typically the level of 93 

input for NLSSI analysis). The case study uses a nonlinear time domain one-dimensional 94 

site response approach and a horizontal acceleration time series input motion.  Figure 1 95 

shows a sketch of the steps for establishing the outcrop motions at different elevations 96 

during the case study. In the first step of the case study, an approximate outcrop 97 
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acceleration time series is iteratively established at 486 feet deep in the soil column 98 

provided that the free-field surface motion is known.  In the second step of the case study, 99 

an approximate outcrop acceleration time series is iteratively established at 220 feet deep 100 

in the soil column based on results from the 486 feet soil column model. The case study 101 

only considers one horizontal direction but it is applicable to all three directions. The case 102 

study uses a surface acceleration time series recorded during the 5.8 magnitude, Mineral, 103 

VA earthquake of August 23, 2011 as measured at Corbin, VA.2 104 

II. BACKGROUND 105 

Research in mid-1950s indicated that there were differences in the accelerations 106 

recorded on the basemat of structures with those recorded in the free-field.3 The 107 

observations led to the conclusion that there existed an interaction between the 108 

surrounding soil and the structure thus changing the accelerations experienced by the 109 

structure compared to the accelerations present in the free-field. The interaction between 110 

the foundation and the soil, i.e. the transfer of the forces and the resulting displacements, 111 

results in modifications on the free field motion. This phenomenon is usually referred to 112 

as soil-structure interaction (SSI).  113 

Measurements and observations from different cases showed that the coupling 114 

between the structure and ground is negligible if the relative stiffness of the structure is 115 

comparable to or less than the stiffness of the soil. This observation is mainly related to 116 

the mobilization of the center of mass during shaking of the structure. Flexible structures 117 

may deform without appreciable changes of the center of its mass during the 118 

displacements of the foundation. However, the extreme case of a structure being rigid 119 

requires moving the total mass of the structure in conjunction with the foundation. The 120 
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general design philosophy for the NPPs mostly relies on keeping the safety-related 121 

structures in the elastic range which requires the structures to be stiff. Hence, soil-122 

structure interaction has potential influences on the seismic behavior and design of heavy 123 

and stiff structures, such as NPPs, sitting on soils with relatively less stiffness. 124 

Two methods are used to solve the SSI problem: (1) the one-step direct method, 125 

and (2) the two-step equivalent linear method. The direct method includes the soil 126 

continuum, the structure and foundation, and boundaries at the ends of the soil medium. 127 

The direct method addresses: i) the inertial effects caused by the mass of the structure and 128 

soil, ii) the kinematic effects at the interface between the structure and the soil, and iii) 129 

the resulting forces at the foundation due to the deformations of the foundation and soil. 130 

The acceleration time series is applied to the base of the soil domain as outcrop motions 131 

in this approach. 132 

Direct method is preferred for addressing the possible nonlinearities such as 133 

nonlinear soil or structure and uplift of the foundation. The direct method is practically 134 

conducted in the time domain, whereas the two-step method is usually preferred for linear 135 

analysis in the frequency domain for the sake of computational efficiency. In the two-step 136 

method, the soil-structure interface coincides with the interaction horizon, where the 137 

outwardly propagating waves are defined.4 On the other hand, the outwardly waves in the 138 

direct method are defined at the artificial boundary, where a high absorbing boundary 139 

condition is formulated to prevent the reflecting waves from entering the soil domain at 140 

the boundary. 141 

The two-step method uses an equivalent linear site response analysis to establish 142 

strain-compatible soil properties that are then applied to a linear frequency domain tool to 143 
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calculate the SSI response. The frequency domain SSI tool uses a superposition 144 

calculation process that subtracts the effects of the excavated soil volume for the nuclear 145 

facility, and then adds the structure into the system to evaluate the interaction effects 146 

between the site soil and the superstructure. The equivalent linear method has been used 147 

in several frequency domain analysis software including SASSI.5 148 

Site response analysis has an important role in the SSI analysis either modelled 149 

explicitly as in the linear frequency domain analysis or implicitly as in the nonlinear time 150 

domain analysis. Details on modeling the site response analysis in the frequency domain 151 

and time domain are presented in the literature.6 Site response analysis for the equivalent 152 

linear SSI calculation is used to: (1) develop strain compatible soil properties, and (2) 153 

establish ground motion at a location different than the control location. Transfer 154 

functions are used in the frequency domain analysis to calculate soil response. Transfer 155 

functions are affected by the dynamic soil properties (such as damping, or shear velocity) 156 

of the layers of soil between the bedrock and free field surface. The equivalent linear 157 

(EL) method is an accepted method for solving the response of the horizontal soil layers 158 

against seismic excitations.7 The EL method is an iterative solution to the equation of 159 

motion to approximate the true nonlinearity observed in soils. The EL method along with 160 

frequency domain solutions are capable of approximating the nonlinear behavior of soils 161 

when the strains are small to moderate level, but the method has significant limitations in 162 

moderate to large strain problems. The EL method was integrated in the frequency-163 

domain solution software SHAKE.8  164 

Given an input acceleration time series, establishing an acceleration time series at 165 

any depth (other than the input location) in the soil column is straightforward, when using 166 
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an equivalent linear solver such as SHAKE. This is true whether the acceleration time 167 

series is inlayer (the summation of upward and downward traveling waves) or outcrop 168 

(an upward traveling wave).  Iterations may be necessary with equivalent linear analysis 169 

if the soil column material properties need to be calibrated to the time series being used.7 170 

NPPs and other safety critical structures are designed for low probability and high 171 

magnitude ground motion seismic hazards. It was documented that the soil experiences 172 

nonlinear behavior during such high magnitude shakings.9,10 Using the nonlinear 173 

hysteretic soil model that is currently being studied at Idaho National Laboratory (INL), a 174 

different approach is needed for defining appropriate acceleration time series at different 175 

soil depths.11 Nonlinear soil-structure interaction (NLSSI) analysis methods are currently 176 

being developed at INL.12 ASCE 4 also includes a framework for performing NLSSI 177 

analysis.13 For NLSSI analysis to be widely implemented in industry, it is important to 178 

demonstrate that accurate response in a dynamically loaded, nonlinear soil column can be 179 

produced. 180 

Solutions including the nonlinear behavior in the site response analysis are 181 

conducted in the time domain analysis. Yet, there does not exist a commonly accepted 182 

procedure for site response analysis in the time domain.14 DEEPSOIL is one of the 183 

nonlinear time domain software for 1D site response analysis.15 LS-DYNA is a 184 

commercially available finite element software package that is suitable for nonlinear 3D 185 

site response analysis.16 Three dimensional site response analysis methods are gaining 186 

attention in the industry in order to overcome the limitations of one-dimensional 187 

analysis.17 A detailed study has been developed on the nonlinear site response analysis.18 188 

As stated above, this paper is investigating development of acceleration time series at a 189 
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location of interest (typically the location of input for the NLSSI analysis), within the soil 190 

column, using a nonlinear site response analysis procedures. 191 

 192 

III. SOIL COLUMN FINITE ELEMENT MODELS 193 

Three dimensional finite element models (FEMs) for the soil columns were 194 

developed in the commercially available FE software LS-DYNA. Figure 2 shows the 195 

developed FE models for this study. Figure 2a. shows different layers of soils for the 220 196 

and 486 feet FE models. Figure 2b. presents the shear velocities and densities at different 197 

depths. The FE models and material properties are representative of a deep soil site in the 198 

Eastern U.S. 19  The developed models are 486 and 220 feet, respectively. The 486 feet 199 

FEM is defined with 37 nonlinear soil material properties. The 220 feet FEM is defined 200 

with 29 nonlinear soil material properties.  The solid elements in the models are defined 201 

with reduced integration formulation. The dimensioning for the solid element layers is 202 

based on approximating the maximum expected strain, and calculating the speed of sound 203 

at the expected strain. It is recommended that the ratio of element length to the 204 

wavelength to be a maximum of one-eight, which is based on the slowest elastic body 205 

wave propagating in the material.20 An element length is selected that provides ten 206 

elements per wavelength for the highest considered frequency. Dynamic relaxation is 207 

applied at the initial step of the analysis for appropriately imposing the static gravity 208 

loads on the soil columns. Both FEMs are free at the top and have a single elastic element 209 

at the base.  The elastic element has the elastic material properties of the soil layer where 210 

it is placed and is used primarily as a boundary condition. The load time histories are 211 

applied at the top of the elastic element. Steps necessary for converting the acceleration 212 
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time history to load time history input are discussed at the later stages of this section. 213 

Non-reflecting boundary conditions are assigned at the bottom of the elastic element. The 214 

non-reflecting boundary condition at the base of the models additionally supplies a static 215 

pressure to oppose the static gravitational loads and also absorbs the waves traveling 216 

down the soil column.   217 

The nonlinear soil constitutive model used in the FEMs is the hysteretic soil 218 

constitutive model (*MAT_HYSTERETIC_SOIL in LS-DYNA). Figure 3 shows 219 

examples of the shear stress versus shear strain curves used for the case study material 220 

properties.  The constitutive model for the soil is of a form that includes pressure 221 

dependency, which shows a reasonable nonlinear behavior for soil. The material model is 222 

capable of capturing the nonlinear hysteretic soil behavior by superimposing elasto-223 

plastic nested surfaces. The model can be represented by shear type parallel-series 224 

distributed nested components (springs and sliders) in one dimensional shear stress 225 

space.21 Each curve in Figure 3 is a collection of layers that are represented by 226 

elastic/perfectly plastic behavior with different elastic stiffness and yield stress values. 227 

The response of the layers is summed together to produce the post yielding shear stress 228 

versus shear strain curve, such as the curves shown in Figure 3.  229 

The shear stress at peak shear strain can be modified with changes to the shear 230 

modulus versus shear strain curve in the linear approaches, which are based on linear soil 231 

constitutive models. Energy absorbed per cycle can be separately modified with changes 232 

to the damping ratio versus shear strain curve in a linear model. However, the post 233 

yielding shear stress versus shear strain curve of the nonlinear models dictates the shear 234 

stress at peak shear strain and energy absorbed per cycle in the hysteresis loop. 235 
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Consequently, changes in the shear stress versus shear strain curve affect both the peak 236 

shear strain and energy absorbed per cycle in the hysteresis loop. Another aspect of this 237 

nonlinear soil constitutive model is that the energy absorbed per cycle must go to zero as 238 

plasticity goes to zero. In the linear constitutive model any damping ratio may be defined 239 

at any shear strain amplitude. However, the nonlinear model may provide better estimates 240 

in modeling actual soil behavior.  241 

Shear modulus versus shear strain and damping ratio versus shear strain data 242 

obtained from soil testing is usually used for linear SSI analysis. The nonlinear time 243 

domain analysis techniques discussed in the paper require soil material properties in a 244 

different form than is used for linear frequency domain analysis techniques. Therefore, 245 

calibrations on the data intended for use in linear analysis are necessary for implementing 246 

them into the nonlinear models. The shear stress at peak shear strain, and energy 247 

absorbed per cycle are the key considerations when calibrating the material properties for 248 

nonlinear models. The nonlinear hysteretic models used in the case studies for this paper 249 

follow the recommendations and procedures described in a detailed study on how to 250 

calibrate nonlinear soil material properties for seismic analysis using soil material 251 

properties intended for linear analysis.22 252 

The input for the FEMs was an outcrop shear load time series on top of the elastic 253 

element at the bottom of the FEMs.  The density, modulus of elasticity and Poisson’s 254 

ratio for the elastic element at the base of the 486 feet model are 0.004 kip*sec^2/ft^4, 255 

80400 ksf and 0.45, respectively. The density, modulus of elasticity and Poisson’s ratio 256 

for the elastic element at the base of the 220 feet model are 0.004 kip*sec^2/ft^4, 32100 257 

ksf and 0.45, respectively. The elastic element shear wave speed of sound is the square 258 
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root of the shear modulus of the element divided by its soil density. The velocity time 259 

series is obtained by integrating the recorded acceleration time series in order to derive 260 

the shear load time series for the input. The shear strain in the elastic element is 261 

calculated by dividing the velocity time series to the elastic element shear wave speed of 262 

sound. Following the calculation of the shear strain in the element, the shear load time 263 

series is derived by multiplying the shear strain by the shear modulus of the element. If 264 

the nonlinear soil elements were deleted from one of the FEMs (leaving just the elastic 265 

element in the model), the resulting motion on the top of the elastic element would be the 266 

same outcrop motion that produced the load time series.  However, if the FEMs have the 267 

nonlinear soil included, the motion at the top of the elastic element is an inlayer motion 268 

including the upward and downward traveling waves. The non-reflective boundary 269 

condition at the bottom of the elastic element ensures that downward traveling waves 270 

leave the model. 271 

The following sections provide the details of the developed FEMs for the study 272 

based on the modeling techniques described above. The first step is establishing the deep 273 

outcrop time series using the recorded ground motion at the free-field surface. Then, the 274 

FEM from the first step is reduced to a shallower soil column with the same properties as 275 

in the first model. An outcrop motion at this shallow location is established based on the 276 

motion obtained from the first step. Such a reduction in the size of soil model is 277 

necessary for two main reasons; i) establishing the input motion for a site response or SSI 278 

analysis at the bottom of the reduced soil model, and ii) reducing significantly the run 279 

times for NLSSI time domain analysis. The calculated input motions from the two 280 

models reasonably match the recorded ground motion response spectra at the surface. 281 
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Quantitative comparisons are provided for response spectra at the free-field surface using 282 

calculated input motions from the two models and the response spectra from the recorded 283 

ground motion.  284 

III.A. DEEP SOIL OUTRCROP TIME SERIES (First Step) 285 

For the first step of this case study, an approximate outcrop acceleration time 286 

series is iteratively established at 486 feet deep in the soil column. When used with the 287 

486 foot deep FEM, the resulting FEM, top-of-soil motion approximately matches that of 288 

the recorded Corbin, VA, top-of-soil motion.   289 

ASCE 43 provides recommendations for developing modified recorded time 290 

histories that are generated to match the desired response spectrum.23 The general 291 

objective is to generate a modified motion that achieves frequency-to-frequency ratio of 292 

the modified motion and the desired (target) motion to be slightly greater than one. One 293 

of the criteria for the modified motion is that spectral accelerations at 5% damping shall 294 

be computed at a minimum of 100 points per frequency decade. The evaluated spectral 295 

accelerations need to be uniformly spaced over the log frequency scale. Another criterion 296 

is that the modified motions have strong durations, which are defined by the 5% to 75% 297 

Arias intensity.  298 

The recorded ground motion in this study lasts over 190 seconds although much 299 

of the time series is relatively low amplitude.  Consequently, only about 20 seconds of 300 

the recorded ground motion is used.  The resulting time series is transitioned to a second 301 

of quiet time at the start and end, is oversampled (using fast Fourier techniques) from a 302 

0.005 second time step to a 0.00125 second time step, and is drift corrected using 303 

frequencies less than 0.5 Hz. The comparison of the 5% damped response spectrum from 304 
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the resulting acceleration time series based on the iterated outcrop motion, and the entire 305 

original acceleration time series is conducted. 306 

The approach in this study is based on applying a similar time series at 486 feet 307 

deep as is desired at the top-of-soil except the frequency content is scaled.  By scaling the 308 

frequency content, adjustments can be made to counteract amplification and damping that 309 

occurs as the waves pass through the soil column.  The decision for how much to scale a 310 

given frequency amplitude is based on comparing the desired top-of-soil response with 311 

the FEM top-of-soil response.   312 

Frequency content is found by taking the fast Fourier transform of the desired top-313 

of-soil time series.  The fast Fourier transform provides amplitude and phase angle 314 

information for all the sine waves that produce a smooth curve through all of the time 315 

series data points when all the sine waves are summed.  Consequently, if a given input 316 

time series produces a top-of-soil response that is too high at a given frequency, the 317 

frequency amplitude at that frequency could be scaled down.  After scaling the motions at 318 

different frequencies, the inverse fast Fourier transform could be taken to produce an 319 

adjusted time series.   320 

In this simplest way of scaling, the adjusted time series may drift badly during 321 

integration. The drifted time series may be difficult to manage.  Consequently, the 322 

approach used in this study is a variation on this concept.  For this study, a fast Fourier 323 

transform is performed on the desired top-of-soil time series.  Next, the resulting sine 324 

waves are defined.  There are more sine waves defined than the frequencies evaluated in 325 

a response spectrum. The spectral accelerations of the response spectrum are represented 326 

with evenly spaced intervals of 100 points per decade. The defined sine waves in the 327 
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vicinity of a single response spectrum frequency are summed. Finally, the ends of the 328 

sine waves are modified with a smooth polynomial so that they are drift corrected and 329 

smoothly transition to zero, as shown in Figure 4.  The polynomial is defined as an 330 

acceleration curve applied over a set time interval, which is less than one cycle in time 331 

span for the acceleration wave being drift corrected. Displacement, velocity, acceleration, 332 

and jerk are defined at one end of the polynomial. The displacement, velocity, 333 

acceleration, and jerk are all defined to be zero at the other end of the polynomial.  For 334 

drift correction at the start of an acceleration wave, the first step is to establish the initial 335 

displacement, velocity, acceleration, and jerk. The second step is to define a polynomial 336 

acceleration with identical initial displacement, velocity, acceleration, and jerk. The 337 

polynomial acceleration is then subtracted from the first part of the acceleration wave. 338 

The modified acceleration wave has initial displacement, velocity, acceleration, and jerk 339 

are all defined to be zero and no discontinuity where the polynomial acceleration time 340 

span ends. The third step is to repeat the process in reverse at the end of the modified 341 

acceleration wave. 342 

In this study, the time period where the smooth polynomial is added is limited by 343 

the time period where less than 5% of the energy in the full time series is realized.  This 344 

process produces a set of modified sine wave time series where each represents a 345 

frequency. ASCE 43-05, Section 2.4 (b) discusses criteria for developing synthetic or 346 

modified recorded time histories and it defines response spectra as having a minimum of 347 

100 points per frequency decade, uniformly spaced over the log frequency scale. 348 

Consequently, response spectra from 0.1 Hz to 100 Hz would have 300 points distributed 349 

evenly on a log frequency scale. Taking the fast Fourier transform of a typical seismic 350 
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acceleration time history produces thousands of points evenly distributed on a linear 351 

frequency scale. Because modifications to the fast Fourier transform points are based on 352 

the 300 points, fast Fourier transform data in the vicinity of each of the 300 response 353 

spectra points are grouped together. Their grouping is dependent on having each fast 354 

Fourier transform data point being grouped with any other fast Fourier transform point 355 

that shares the same response spectra point that they are nearest based on a log frequency 356 

scale. 357 

The response spectrum data points are evaluated based on the obtained 358 

frequencies.  Summing these unscaled modified sine waves approximates the desired top-359 

of-soil time series (with it being close to matching at the ends but exactly matching in the 360 

middle).  The advantage of this approach is that scaling one of the modified sine waves 361 

and then summing them all together produces a modified time series that has adjusted 362 

frequency content but doesn’t drift.   363 

After the sine waves are modified for drift correction, iterations for calculating the 364 

desired top of the soil motion (original motion) are performed.  Initially, a scale factor of 365 

one is defined for each modified sine wave. A 5% damped acceleration response 366 

spectrum is generated for the Corbin, VA, top-of-soil acceleration (at the frequencies 367 

represented with the modified sine waves).  For an iteration, the modified sine waves are 368 

multiplied by their scale factors and summed, the resulting acceleration time series is 369 

integrated to a velocity time series. The calculated velocity time series is converted to a 370 

load time series for the 486 feet FEM input at the base.  Upon running the FEM, a 5% 371 

damped acceleration response spectrum is generated at top-of-soil.  Finally, each scale 372 
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factor is modified to equal its previous value multiplied by the Corbin, VA, top-of-soil 373 

response and divided by the FEM response. 374 

Judgement is required in establishing the optimal number of iterations for this 375 

method because this approach does not converge to an exact solution. As guidance for 376 

convergence, the fast Fourier transform amplitudes versus frequency of the input 377 

acceleration time history should be considered along with the response spectra 378 

convergence. The initial iteration should provide insights as to a reasonable curve shape 379 

for the fast Fourier transform amplitudes. With few further iterations (possibly only one), 380 

a reasonable response spectra fit should be achieved. As the number of iterations is 381 

increased, the response spectra fit may slowly converge while the fast Fourier transform 382 

amplitudes curve may become very noisy and drastically different than the initial 383 

iteration. A good result for this method is to have a reasonable response spectra fit and a 384 

fast Fourier transform amplitudes curve that is similar to that of the initial iteration. 385 

Figure 5 shows the scale factors after two iterations.  Figure 6 shows the resulting top-of-386 

soil motion comparison between the Corbin, VA time series and the 486 feet FEM 387 

(noting that the Corbin, VA time series are offset by 0.294 seconds to accommodate the 388 

time that is required to pass the waves up through the FEM). The acceleration, velocity 389 

and displacement histories match reasonably for the Corbin time series and FE model.  390 

Figure 7 shows the top-of-soil, 5% damped response spectra comparison between the 391 

Corbin, VA time series and the 486 foot FEM. The comparison shows that the obtained 392 

motion produces reasonable comparison with the top of the soil response spectrum. The 393 

FEM response spectrum is only plotted to 67 Hz because that is as high of a frequency as 394 
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the FEM is intended to accurately model. Energy content of the ground motion above 67 395 

Hz motions is considered negligible.  396 

The response spectrum for this study had a maximum error of 10.6% at one 397 

frequency point of 31.6 Hz. Although some point of the obtained response spectrum from 398 

the iterated ground motion at the base, the iterative procedure produced reasonable 399 

comparison with the response spectrum of the target acceleration time series. When 400 

comparing the accuracy of this step to a similar process with linear analysis, an important 401 

consideration is necessary.  This consideration is that a single frequency input to the base 402 

of a linear soil model produces a single frequency response at the top-of-soil due to the 403 

elliptical shape of the viscous damping hysteresis loop.24 The numerical and the 404 

analytical solutions show that any deviation of the hysteresis shape from a perfect ellipse 405 

introduces frequencies higher than the input frequency in the shear stress. Similarly, a 406 

single frequency input to the base produces a multi-frequency response at the top-of-soil 407 

due to the non-elliptical shape of the hysteresis loop for a nonlinear analysis as is the case 408 

in this study.  Considering that neither the linear nor nonlinear models exactly reproduce 409 

the stiffness of the real soil, the input outcrop time series at the base is not exactly correct 410 

for either model.  This inexact stiffness may make it necessary to increase (or decrease) 411 

the frequency content at various frequencies in the input time series to produce the 412 

desired top-of-soil motion.  With linear analysis, the added (or subtracted) frequency 413 

content can be accommodated without negative consequence because each frequency 414 

content modification only affects the top-of-soil response at that frequency. With 415 

nonlinear analysis, adding frequency content causes a top-of-soil response at that 416 
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frequency and other frequencies. Having the frequency content added to the other 417 

frequencies can make it difficult to maintain reasonable input frequency content.   418 

As an example, a situation could occur where an actual outcrop and low 419 

frequency input to a FEM does not produce as much top-of-soil response as the actual 420 

soil column due to the stiffness of the FEM not being exactly correct.  To reduce the top-421 

of-soil discrepancy, more input low frequency content can be added (for either linear or 422 

nonlinear FEMs).  For a linear FEM, the inaccuracy with such an approach is limited to 423 

the low frequency content that has been modified.  For the nonlinear model, this could 424 

additionally cause inaccuracies at higher frequencies.  Adding additional high frequency 425 

content to correct the higher frequency inaccuracies could lead to inaccuracies at yet 426 

higher frequencies.  Given the nature of the changes to phasing, the best accuracy of the 427 

procedure should occur at low frequencies and the worst accuracy should occur at high 428 

frequencies. Attempting to address all the resulting inaccuracies could produce an 429 

unreasonably inaccurate input time series.  Considering this example, few iterations are 430 

performed on the nonlinear model and an inexact result that is close to the real top-of-soil 431 

motion is considered acceptable. 432 

III.B SHALLOW OUTCROP TIME SERIES (Second Step) 433 

For the second step of this case study, an outcrop acceleration time series is 434 

iteratively established at 220 feet deep in the soil column.  In this step, the inlayer 435 

acceleration at 220 feet is compared between the two FEMs to make adjustments instead 436 

of comparing top-of-soil response spectra.  This step is relatively simple but can become 437 

unstable.  Considering the nonlinear soil constitutive model used, there is a possibility for 438 

some erroneous high frequency noise.  In reasonably defined soil material properties, this 439 
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should be at frequencies higher than are of concern and not of significant magnitude.  440 

However, the iterative approach described in this study can magnify the high frequency 441 

noise issues to the point of making the approach unstable.  To reduce the possibility of 442 

this instability, an initial modification is performed on the 220 feet, which is the inlayer 443 

acceleration time series taken from the 486 feet deep FEM.  The first study involves 444 

taking the fast Fourier transform of the time series.  Second, the frequency amplitudes 445 

above 100 Hz are ramped to near zero (considering that this is well above the 67 Hz cut 446 

off for frequencies that these FEMs can evaluate accurately).  Third, the inverse fast 447 

Fourier transform is performed to produce a time series with less high frequency content.  448 

This modification is likely to cause a small amount of drift.  For this study, this was 449 

corrected by adding a quarter second smooth correction in the shape of a sine wave to the 450 

start of the acceleration time series.  The resulting modified acceleration time series is 451 

used as the desired inlayer motion for the 220 feet deep FEM. 452 

Having a target inlayer acceleration time series, iterations can be performed.  453 

Initially, the target inlayer acceleration time series is integrated to velocity and used in 454 

the 220 feet deep FEM as though it is an input outcrop motion.  For an iteration, the 220 455 

feet deep FEM is run and the inlayer acceleration time series is output at 220 feet.  Next, 456 

this inlayer acceleration is subtracted from the desired inlayer motion and the result is 457 

added to the acceleration used as outcrop for the 220 foot deep FEM.  Because of the 458 

instability risk, the modified outcrop acceleration has the high frequency (above 100 Hz) 459 

ramped down and drift correction performed similar to the adjustment originally 460 

performed on the desired inlayer motion.  Finally, the new outcrop acceleration time 461 

series is integrated to velocity for the next iteration.   462 
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Results shown in Figures 8 and 9 are for the second step of the case study 463 

performed with 125 iterations.  Figure 8 shows the top-of-soil motion comparison 464 

between the 220 feet FEM and the 486 feet FEM.  The maximum calculated accelerations 465 

of the two time series are around 5 ft/sec^2. The acceleration, velocity and displacement 466 

histories at the top for two different depths of soil columns match within 1% of each 467 

other. Figure 9 shows the top-of-soil, 5% damped response spectra comparison for the 468 

220 feet FEM and the 486 feet FEM. Similarly, the top-of-soil response comparison is 469 

within 1% of each other. The response spectrum for this study had a maximum error of 470 

1.5%. Figure 10 demonstrates the convergence of the iterations (based on the velocity 471 

time series curves).  At 10 iterations, the percent difference for inlayer velocity between 472 

the 220 feet FEM and the 486 foot FEM was less than 0.2% until almost 2 seconds and 473 

the maximum percent error was 7.4%.  At 50 iterations, the percent difference was less 474 

than 0.2% until a little more than 8 seconds and the maximum percent error was 1.7%.  475 

At 100 iterations, the percent difference was less than 0.2% until a little less than 16 476 

seconds and the maximum percent error was 0.7%.  At 125 iterations, the percent 477 

difference was less than 0.2% for the whole time series. 478 

IV. CONCLUSION 479 

Using the nonlinear hysteretic soil model that is currently being studied at the 480 

INL, an approach has been applied to a case study for defining appropriate acceleration 481 

time series at different soil depths. An approximate outcrop acceleration time series is 482 

iteratively established at 486 feet deep in the modeled soil column.  This study showed 483 

that the proposed approach for the first step produced reasonable results compared to the 484 

original time series. In the second step of the case study, an approximate outcrop 485 
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acceleration time series is iteratively established at 220 feet deep in the soil column based 486 

on results from the 486 foot soil column model.  This study showed that the proposed 487 

approach for the second step produced accurate results when sufficient iterations were 488 

performed.   489 
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Figures 

 

 

 

Figure 1. First step: establishing outcrop motion at the deep soil base, and Second step: 

establishing outcrop motion from the inlayer motion calculated from the first step 
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        a)            b) 

Figure 2. a) Three dimensional soil column FEMs, b) shear velocity and density corresponding to 

the soil column models 

 

 

 
Figure 3. Example shear stress versus shear strain curves use in the soil column FEMs at different 

depths 
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Figure 4. Modified sine waves with frequencies near two of those defined in a response spectrum. 

 

 
Figure 5. Scale factors after two iterations for the 486 feet deep soil column 

 

 
Figure 6. Top-of-soil acceleration, velocity, and displacement history comparison between the 

Corbin, VA time series and the 486 feet FEM results 
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Figure 7. Top-of-soil acceleration history comparison between the Corbin, VA time series and the 

486 feet FEM. 

 
Figure 8. Top-of-soil acceleration, velocity and displacement history comparison between the 220 

feet FEM and the 486 feet FEM. 

 

 
Figure 9. Top-of-soil acceleration history comparison between the 220 feet FEM and the 486 feet 

FEM. 
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Figure 10. Percentile difference of the FEM and desired inlayer velocity history curves at specific 

iterations for the  
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